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The damping-in-roll  characteristics of three wings with an.aspect 
r a t io  of 4, a  taper  ratio of 0.6, sweep angles of 3.60, 3 . 6 O ,  and 46.7O 
at  the  quarter-chord line, and with the'WACA 65~006  section have been 
detemhed through the Mmh n&er range  from 0.4 t o  0.91 and angle-of- 
attack range from Oo t o  6.5O in  the L-ey high-speed 7- by 10-foot 
tunnel by the  free-roll  llasthod. Tple results indicated  that t;he increase 
in magnitude. of the damglng- i n - r o l l  coefficient C zp with Mach  number 
and the  decrease  with sweep angle, a t  l o w  angles of-attack, agreed well 

markedly with  angle of attack ( i n  the test range) particularly a t  the 
higher Mach  nunibera investigated. 

. with the theoretical  variations. The dampin@; coefficient Fncreaeed 

. 
INTRODUCTION 

Low-speed experimental  data and theory  (references 1 and 2)  indicate 
an appreciable reduction in  the. damphg-in-roll properties of a wing as  
the sweep angle is increased. The theoretical manner jn which these 
effects  are  affected by compressibility is treated in  references 2 
and 3. L i t t l e  experimental  data, however, are  available a t  high- 
subsonic Mach nmbers f o r  cmpariscm with theory. Accordingly, an 
extensive  investigation is being conducted in  the Langley high-sped 
7- by 10-foot  tunnel ' t o  detersnine the effects of smog angle and Mach 
n&er on the aamping-in-roll characteriatics of a series of w t n g s .  The 
first wing investigated w a s  a 35O sweptback wing of aspect  ratio 3, and 
the dampwln-rol l   character is t ics .  of this wing a t  high-s&sonic Mach 
numbers are presented tu reference 4. . 

The present paper presents the resul ts  of an exper-ntal determi- 

I r a t io  4 and taper ratio.0.6 ~lth sweep angles of 3.6', 32.6O,  and 4 6 . ~ ~  
nation of the  aRrpin@;-in-roll  charachrietics of throe wings of aspect 

referred  to  the quarter-chord u l l e .  The investigation  utilized the 
froe-roll  technique  doscribed Fn reference 4 and the  testa were mde 
a t  angles of attack of 0 40°, 3 .45O, and 6.5& through a Mach  number 
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rolling-mrrment coefficient (L/qSb) 
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ra te  of r o l l ,  radians  per second 

m c  preseure , porn& per square foot (pv2/2) 

sweep angle, degrees .. ."  ." ( r e f e m d   t o  25 percent chord) 

~ e y n o ~ ~  rimer (PTC * /p) 
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Xing area (2.25 sq f t  &el) 
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E angle of attack of -tip chord relative t o  root chord, 
radians 

K correction  factor for WFng distortion due t o  bending 

Subscripts : 

8 2  l e f t  aileron 

ar right aileron 

test measured ~ a l w ~ ,  uncorrected for distortion due to bending 

The pertinent dimsneions of the three wings ueed In the present 
investigation are given in flgure 1. The wings were constructed of an 
altnninum alloy. The sweptback w a s  were des i sed  by shearing the 
-wept wing; that  is, the chordwise elements of the Mswept wing 
parallel t o  the  plane of s-try were moved rearward unt i l  t h e  desired 
sweep an@e of the 25-percent-chord line w m  obtained. Thus, all wing 
sections parallel t o  the plane of symmetry are EACA 6 5 ~ 0 6  sections. 
The ailerons were true-contour,  sealea-gap, plan flaps of 20 percent 
chord and 4-0 percent Span. 

The w i n g s  were supported by a st- exbndb43 fmard into the 
test section from a ver t ical  8 k - b  located behind the model. The 
vertical  s-&ut was pa r t .  of the wind-tunnel balance system and both the 
s t ru t  and a portion of the s t i n g  were shielded from the a i r  stream by a 
fairrzlg. A schematic drawing of the szzpport system and rolling  apgaratw 
i~ shown in figure 2 . The angle of attack of the model w a ~  changed by 
vary- &e angle of incidence of the wing relative .to the sting. This 
was accoqlished by utilizfng  variom  incidsnce  block^ f i t t ed  In to  the 

rolling-mament data were obtaFned frm w3nd-tuzlnel balance measurements 
with the s t i ng  ‘restraked In ro l l .  When the model was permitted t o  

St-;. A photograph O f  th8 inetdhtim is Shorn In f i g w e  3 . The 
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r o l l  freely under the moment created by the deflected  ailerona, the 
rate of r o l l  was recorded electrically- -. 

For each wing, s t a t i c  rolling-mgnent data and ra tes  of  r o l l  were 
obtaine; thm>ugh a Mach riper range of 0.4- to  0.91 a t  -8 of attack 
of 0.30 , 3.45O, and 6.50 and for  aileron  deflections of o , 4 4 O ,  
and *8O in a plane parallel  t o  the plane of symuetry. The ailerans 
were deflected  oppositely so that the total dlfferantial  aileron 
deflections uGed were Oo, 80, and 16O. 

The s i z e  of the model used in the present taves.tigatian  reaulted 
In an estimatkh chokGzMachn&er 'of 0.94, and the data are  believed 
t o  be reliable t o  a corrected Mach n&er ofabout O.9l .  The variation 
of t e s t  Reynolds nuuiber with Mach nmiber f o r  average t e s t  conditions is  
presented in  figure 4. 

- .. 

Correc t i o m  

A anall. tare correction in the form of -bear% f r ic t ian  wae deter- 
minsd by forced  rotation of the roll ing apparatus, under both vertical  
'and horizontal.  loads, fo r  the range of angular velocities encountered 
in the tests This. bear- f r ic t ion  has been applied t0 the remits in 
the form of an i n c e n t  of dgn.lne;-in-roll coefficient equal to a 
value of CZ$ = -0.0d5. .. . ~ .. -. ._ I  

The rolling kment and-Mach n d e r e  have "been corrected  for  blockhg 
by the model and its wake by the method of reference 5. The jet-boundarg 
effects were estimated and found t o  pe negligible. 

" 

"2 .. 

The almlnm-alloy wings. were known t o  bend . k d e r  load. Accordingly, 
the effect of wing dist@ign-m the test; results wae lnvesti@;ated. The 
possible soUrces of error. considered were:  (1) deflection of t h e  
ailerom under load; (2) twist of..the wing about I t s  e h s t i c  axis  due 
t o  the aerodynamic forces being applied a t  sane distance from the 
elast ic  axis; a d ,  (3) t h e  spanwise ,change in angle of- attack due to 
bending of the wing panel under .tihe span-load dlstri%utim. The error 
due t o  t h i s  last consideration is eseentially zero, of course, for an 
unswept wing but  increases very marbdly ae the sweep angle -is increaeed. 

. .  

. -  
w 

" 
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Stat ic  loading of the a i l e r a  and calculations of the twist of the 
w i n g  indicated Ctmt e r r o h  arig- potnts (1) and (2) are negligible; 
however, calculations of the mx&trum change in angle of attack of 
wing t i p  of -Wle sweptback wings due to bending of the wing panel  indicate 
an appreciable change in the This chmge Fn angle. of attack is 
in such a  direction as to reduce the roJ7Ung "t which is being 
produced by t he  ailerons and is only important when the model is 
restrained in roll fo r  -the s t a t i c   t e s t e -  When the model has  attaFned  a 
steady ra te  of r o l l ,  in the free-roll tests, the moment of the 
wing balances the aileron rolling m m n t  In this cmdition tb lateral 
center of pressure for the  ming qment and the aileron load are a t  
slightly  dlfferent spaswise locatians, and there is some slight dis- 
tort ion of the wing. This dietortion is negligible, however, &en 
c q a r e d  with the distorticgg in the reetrained candition and the w h g  
can be ccmsidered essentially r igid during the free-roll t es ts -  

The rolling mcHpBnt &gt  which is measured during tihe s t a t i c  test 
is 

b s t  = L@ - LE 

where Le is the rol l ing mQmsnt lost d w  to the be- of the  wing 
This increment of r o 3 L n  ntament & can be estimated by t he  relatian 

Le = czp69sb 

. where C is the daqpfng coefficient for the rigid ~ h g -  , This Ep 
estimation fnvolves the assuqptian tht tibe m&e of attack due to dis- 
tortion  varies Unearly fram zero a t  the root ta E a t  the t ip .  Tbis 
is not s t r i c t v   c o r r e c t  of come ,   bu t  the assumption is believed to 
give a good first approximation of the increment of rolling moment lost 

to b-. 

In order to determine E, the applied ro l l ing  maanants Ltest were 
. approximated by concenizrated loads applied t o  the wing a t  the center of - 

load calculated on the basis of unswept-wing theory (reference 6) The 
change in angle of at tack  a t  t he  wing t i p  E w m  measured relative t o  
the roo t  chord and the ra te  of change with rolling mcBneQlt A E / . h s t  
was detem&md. 

Equation (2) can be written 
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Substituting In equkian (1) and dividing kugh by . $21 gives 

or 

where .. . 

Equation ’ (7) involves the use of -the Czr,  for the r igid ’ w i n g  

which has not been determined. However, a f irflt a p p r o P t t i m  of Czp 
can be obtained by 

. ” 

. . ” 
” - . . .. 
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. 
and 

where t h e  expressians C and (pb/2V) 6 were evaluated  graphically 
Z%est 

as the slopes of the s t a t i c  roll-moment coefficient C 2  plotted 
against  aileron  deflectfan 6 and the nandimensional steady  rate of ro~a p b / 2 ~  plotted against aileron  deflection 6, respectively. 

. This method of d e t e m x n  Czp ~SSLIUBB that the effects of roll ing 
on C26 are negligible (exxxpt for  distortion ccxrrections  previously 
ascussed) and that czp is independent of aileron  deflection. 

- The resul ts  of the investigation are presented ~ the following 
figures : 

- Figures 

Rolling-moment data . . . . . . . . . . . . . . . . . . . . . .  6, 7, 8 

Summary data: 
. Free-raU  data . . . . . . . . . . . . . . . . . . . . . . .  9, 10, 2.l 

Variation wfth Mach number . . . . . . . . . . . . . .  ' .  
Variation with sweep . . . . . . . . . . . . . . . . . . . . . .  15 

12, 13, 14 

The experimental  variation of the damping-in-roll  parameter Czp 
w i t h  Mach rider a t  low angles of attack  (figs . 12 t o  14) shows an 
increase in  magnitude of with increasing Mach nmiber f o r  all 
three wings end agrees w e l l  w i t h  the theoretical  variation  accordhg 
t o  reference 2. However, the theory slightly underestimates the 
absolute magnitude of the damping coefficient throughout the range. The 
theoretical  variation a c c o w  to  reference 3 (based on the czp a t  
zero Mach nmiber f rom reference 2) predicts the abeolute values 

I f a i r ly  w e l l  but shows a greater  variation wlth Mach nwiber. 

Cross plots of the   tes t  data against sweep at  several Mach nmibers 
(fig. 15) h u c a t e  an appreciable  reduction the damping coeffi- 
cient Czp with increasing sweep w e  and c-ares very w e l l  with  the 
theoretical  variation  (reference 2) a t  low angles of attack. 
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It will be noted that   for  the range tested Czp 

. .  _ .  
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Fncreases 

appreciably wtth angle opattack,  particularly a t  the higher Mach nuttibers . 
A similar effect was notqd in reference 4. The linearized theory, how- 
ever, does notrgredict any var ia t im of with angle of attack 
because it is  evaluated In-terms of lift r a   e r  the resultant f o r c e  and 
does not consider any nonlinear  variation of lift with angle of attack. 
The section  data f o r  these wlpgs  are not  available  but a value of 271 
was  assumed for  the lift-curve slope in  the theoretical  calculation^. 
A study of the effect  of nonlinear l i f t  characteristics has been made, 
in reference 7 and has indicated-  thkt  this  effect .  d o n e  can cawe  large 
changes in Czp- 

czB 

coNcI;ITsIoNs 

1. The damging-in-roll coefficient C2 increased in magnitude 
with Mach  nuniber and decreased w i t h '  sweep angle a t  low angles of attack 
(0 .30° and 3.43-O) Fn the sane manner as  that  predicted by theory- 

P 

- " .  

2. The Mgnitde of the dabgFng-in-rou coefficient ~ 2 ,  iircreased 
Y 

markedly with angle of attack ( i n  the  test  range from 0.30° t o  6 -5') 
particularly a t  t he  higher Mach n d e r s .  

4 

Langley Aeronautical  Laboratory 
. .  . #I  

National Advleor~ Camdttee for Aeronautics 
Langley Air- Force Base, Va. - c 

. .  
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Tabulated Data 
Wing Aileron 

Area 2.25 $q.ft. Type True contour, sealed gap 
. .  Aspect ratio 40 Chord 20 %c 

Airfdl seZfion N ACA 65A 606 Span 40% b/2 

. Mean  aerodynamic  chord 0.765 ft. Outboard  station 95% b/2 
Tdper rotio 0.6 0 
Root  chord I1;25in 
Tip chord 6.75in. 

span 3.0ft. lnboard station 55 % b/2 

. .  

." - _  . .  .. 
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t- Tunnel ceiling 

Balance strut- 

Strut fairing - 
Sting fairing 7 

Tunnel  center  line 1" 

. Tunnel floor 
I ' . . . . .  . . . . . . . . . . . . . . . . . . . . . .  

" 



- .- . . .  

" 

- .  . 

... 

- 

. . . . . . . .  

, :. .. 

- %  

. . .  ... 
:- . . L  

. . .  

- - .  

. . -  

. .  
. .  

' .i 

. . . . .  . .  

. . . .  

, -  - "" . .  . -  . _ _ _  
. ,  

1 .  . .  

- " " . . . . . .  

. .  . . .  

- ,  



.. . . . . . . . . . . . . . .. . .. . . .. . . .  

.. . . . . . . . . . . . . . . . . . . . .. .. .. . . 



3 
, " .. 

, .. . 
- ?  .- 
. ' . .: I - ,  

. .  . .  . 

. 

. .  " 

. .  
- .- 

* .  - 
. . -  : i  ,.  . . - .  . .  

I .  

I 

. .  

.. I 

... . . . . . .. 

. r  

I 

. .  " . 

" 

. " 
... 

. . .. 

. ." 

. . .. . 



. 
. ... . . 

4 

3 

2 

I 

0 
4 5 .6 .7 .a .9 I .o 

Mach number, M 
11 

Plgure 4.- The variation of teat Reynolds number with Mach number based on the mean aerodpmlc chcxrd p 
of 0.765 foot. ul 
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Figure 6.- phe variation with Mach  number of the rolling+uoment 
characteristics of a wing for  varioua aileron  deflections at 
several angles of attack. A c/4 = 3.60. 4 
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Figure 8.- The variation  with Mach number of the rolllng-moment 
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Figure 14.- The variation with Mach nmiber of the parameters C 2$ C 28’ 
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